Excitonic effects in the linear and nonlinear optical properties of single-walled carbon nanotubes are manifested by photoluminescence excitation experiments and ab initio calculations. One-and two-photon spectra showed a series of exciton states; their energy splitting is the fingerprint of excitonic interactions in carbon nanotubes. By ab initio calculations we determine the energies, wave functions, and symmetries of the excitonic states. Combining experiment and theory we find binding energies of 0.3-0.4 eV for nanotubes with diameters between 6.8 and 9.0 Å.
Single-walled carbon nanotubes are fascinating nano-objects. 1 Their unique geometric, electronic, and optical properties hold promise for a variety of applications, including nanoscale field-effect transistors, electrically excited single-molecule light sources, and nanosensing. [2] [3] [4] Initially, their optical properties received comparatively little attention, as photoluminescence is quenched in nanotube bundles by nonradiative relaxation of excited carriers via metallic tubes. This has changed fundamentally since the discovery of band-gap luminescence from individual nanotubes, enabling direct studies of their optical properties. [5] [6] [7] Nanotube optical spectra have mostly been interpreted in terms of single-particle excitations so far, 6 governed by the van Hove singularities in the density of states of a quasi-onedimensional system. Recent theoretical studies, in contrast, predict that excitonic effects, i.e., the Coulomb interaction between the excited electron and hole, affect both the transition frequencies and the shape of the optical spectra. [8] [9] [10] [11] [12] [13] Because of the strong quantum confinement of the electron and hole in the quasi-one-dimensional nanotube, large exciton binding energies are expected, and predicted values range from a few tens of meV to 1 eV, depending on tube diameter, chirality, and dielectric screening. [8] [9] [10] The strength of the Coulomb correlation, however, directly influences the optical properties. Also, the existence of optically inactive ͑"dark"͒ excitonic states may cause the unusually low luminescence quantum yield in nanotubes. 11 Finally, the transport properties of nanotube devices are affected as optical excitations may move either as uncorrelated electrons and holes or as bound excitons.
14 So far, experimental evidence for excitonic correlations in nanotubes is indirect. Optical absorption and emission energies differ from the single-particle predictions ͑"ratio problem"͒. 6 Also, ultrafast intersubband relaxation is thought to support the exciton picture. 15, 16 In this Communication, we directly identify exciton binding effects in single-walled carbon nanotubes by one-and two-photon luminescence. We calculate the energies and wave functions of one-and twophoton active exciton states from first principles, in excellent agreement with our experiments. Supported by our ab initio calculations, we provide a model to estimate exciton binding energies, which are 300-400 meV for the tubes observed in our experiment.
A classical example for two-particle Coulomb correlations is the Rydberg series in atomic hydrogen. The same series governs the bound excitonic states E n = E gap − E R / n 2 in homogeneous three-dimensional ͑3D͒ semiconductors ͑E gap : bandgap energy, E R : 3D exciton Rydberg energy͒. In carbon nanotubes, the electron density is confined to the plane of the rolled graphite sheet. Excitonic wave functions are expected to be delocalized along the circumference and to extend over several nm along the tube axis. 8 The concept of our experiment is to validate the excitonic character of optical excitations in carbon nanotubes by addressing excitonic states with different symmetry. In the 3D hydrogen model, this would correspond to addressing s-and p-like states. In carbon nanotubes, one expects for each allowed interband transition a series of transitions to optically active exciton states with odd ͑u͒ symmetry with respect to rotations by about the U axis of the tube ͓Fig. 1͑a͔͒. Twophoton spectroscopy, on the other hand, couples to the otherwise optically inactive even ͑g͒ states ͓Fig. 1͑b͔͒. The energetic splitting between the one-and two-photon observed states indicates the strength of Coulomb correlations. Therefore, two-photon absorption is an elegant technique to determine excitonic effects. 17 We investigated single-walled carbon nanotubes suspended in D 2 O wrapped by a surfactant. 5 The sample was excited at room temperature with 150 fs pulses from an optical parametric oscillator tunable between 1150 and 2000 nm with an average power of 60 mW. The luminescence was recorded in a 90°configuration by a chargecoupled device ͑CCD͒. Between 850 and 1070 nm ͓Fig.
1͑c͔͒, we identified the luminescence from five different nanotube species ͓͑6,4͒, ͑9,1͒, ͑8,3͒, ͑6,5͒, and ͑7,5͔͒. We also observed the weak emission from the ͑9,4͒ tube at 1130 nm. ͑Ref. 19͒ The assignment of chiral indices ͑n 1 , n 2 ͒ is based on Raman 20 and luminescence 6 data. Figure 1͑c͒ shows the luminescence for excitation below the band gap between 1210 and 1970 nm. For each tube we find a maximum in the luminescence intensity at an excitation wavelength far above the emission wavelength, but significantly smaller than twice this wavelength. We assign these absorption maxima to resonant two-photon excitation of the lowest two-photon allowed exciton state ͑2g͒. The positions of the maxima thus correspond to half the energy of this state. Emission results from relaxation into the lowest one-photon active 1u state ͓Fig. 1͑b͔͒. The shift of about 240-320 meV between both states is a signature of ͑i͒ the excitonic nature of absorption and emission at room temperature, and ͑ii͒ exciton binding energies of almost onefourth of the band-gap energy. An analyis of the power dependence of the emission intensity supports the assignment to two-photon absorption ͓inset of Fig. 2͑a͔͒ . At low excitation powers, the luminescence increases quadratically and saturates into a linear increase above 40 mW.
To quantitatively analyze the splitting between the oneand two-photon allowed transitions, we plot two-photon luminescence excitation spectra for different nanotubes ͓Figs.
2͑a͒, 2͑c͒, and 2͑d͔͒. They show the emission intensity as a function of the energy difference E ex − E 11 1u between twophoton excitation and emission energy. For the ͑7,5͒ tube ͓Fig. 2͑a͔͒, the resonance maximum is at 240 meV above the one-photon active state. For the ͑6,5͒ and ͑6,4͒ tubes ͓Figs. 2͑c͒ and 2͑d͔͒, the E 11 2g − E 11 1u splittings are 285 and 325 meV, respectively. Similar experimental results have been recently reported for the ͑7,5͒, ͑6,5͒, and ͑8,3͒ tube. 21 We expect to observe a second weakly one-photon allowed absorption resonance close to the two-photon active state. In Fig. 2͑b͒ , we plot a one-photon luminescence excitation spectrum of the ͑7,5͒ tube. The spectrum shows an absorption resonance at an excess energy of 200 meV, i.e., slightly below the first two-photon resonance at 240 meV. The same resonance is also observed in the excitation spectrum of the second subband ͑E 22 ͒. These resonances reflect one-photon excitation of higher-lying exciton states. This supports a previous assignment of one-photon excitation spectra, 22 whereas alternative suggestions for the origin of these peaks, including phonon sidebands and exciton-phonon excitations, 23, 24 seem less likely. To confirm the interpretation of our experimental results, we perform a first-principles calculation of excited states for isolated nanotubes. We start from single-particle wave functions obtained by density-functional theory and adopt the GW approximation for the self-energy operator. 25 The optical properties are calculated by solving the Bethe-Salpeter equation ͑BSE͒ expanded in a localized Gaussian basis set which is symmetric with respect to the screw axis of the tube. This approach permits the calculation of the wave functions and binding energies of bound electron-hole pairs, [26] [27] [28] [29] and gives FIG. 1. ͑Color online͒ ͑a͒ Schematic picture of one-photon absorption and emission in carbon nanotubes. E 11 indicates the singleparticle transition between the lowest subbands. One-photon excitations couple to excitonic states with odd ͑u͒ symmetry with respect to rotations about the U axis. The U axis is perpendicular to the tube axis through the center of the C hexagons ͑Ref. 18͒. ͑1͒ and ͑2͒ indicate the symmetry of the envelope function with respect to reflection in the z = 0 plane ͑see Fig. 4͒ . Emission occurs from the lowest one-photon active 1u state. ͑b͒ Two-photon absorption results in the excitation of exciton states with even ͑g͒ symmetry under the U-axis operation. ͑c͒ Two-photon luminescence spectra of carbon nanotubes. The luminescence intensity is plotted as a function of excitation and detection wavelength.
FIG. 2.
͑Color online͒ ͑a͒ Two-photon luminescence intensity of the ͑7,5͒ tube ͑at 1045± 5 nm͒ as a function of excitation energy E ex . The abscissa gives the difference between two-photon absorption and emission energy. The 2g state is excited at 0.24 eV above the 1u emission. Inset: Excitation-power ͑in mW͒ dependence of luminescence intensity. ͑b͒ Same as in ͑a͒ but for one-photon absorption. E 11 and E 22 indicate the first-and second-subband transitions, respectively. The peak at 0.2 eV is assigned to the 2u exciton resonance. ͑c͒ and ͑d͒ Two-photon luminescence excitation spectra of the ͑6,5͒ and the ͑6,4͒ tubes, respectively. a symmetry characterization of excited states including optical selection rules.
We compute the two-photon absorption intensity versus the energy of the final excited state in the ͑6,4͒ tube in Fig. 3 . The two inequivalent C atoms of each hexagon lead to a doubling of states with respect to a simple hydrogenlike model, with the states in each doublet being close in energy. We find four bound exciton states below the single-particle gap ͑gray line͒, with binding energies of 0.54 ͑1g͒, 0.50 ͑1u͒, 0.16 ͑2g͒, and 0.16 eV ͑2u͒. ͑Ref. 30͒ Their parities under rotation about the U axis are consistent with the fact that the u states are one-photon active and the g states are two-photon allowed. The envelope functions of the strongly bound states ͑1g ,1u͒ are approximately symmetric ͑1͒ under reflection in the z = 0 plane; the weakly bound states ͑2g ,2u͒ have an approximately antisymmetric ͑2͒ envelope and a nodal plane in z = 0. The most strongly bound exciton state is optically inactive in one-photon absorption because of the even ͑g͒ total wave function and weak in two-photon absorption because of the just approximately even ͑1͒ envelope.
11
This may explain the small luminescence quantum yield in carbon nanotubes observed at low temperatures.
If we neglect the electron-hole interaction, the two-photon absorption is very close in energy to the first one-photon active state ͑gray dashed curves in Fig. 3͒ . In contrast, if the electron-hole interaction is included, the energies E 11 2g and E 11 1u differ by 0.34 eV, which agrees well with the measured value of 0.325 eV ͑Table I͒. The ab initio calculation gives a binding energy of 0.5 eV for the ͑6,4͒ tube. The lowest exciton wave function extends over several nm along the tube axis and is delocalized along the circumference. The higher exciton states ͑2g ,2u͒ are more extended along the tube axis and have a nodal plane at z =0 ͑see Fig. 4͒ . The calculated wave functions are thus Wannier-like and weakly dependent on the circumference direction. Furthermore, the calculated band structure confirms that a two-band model is appropriate. 8 Based on our ab initio analysis, we introduce a variational model to estimate exciton binding energies from the splitting E 11 2g − E 11 1u . It describes an electron and hole moving under attractive Coulomb interaction on a cylinder surface, 31 with a Coulomb potential given by V͑z , , R͒ = e 2 / ⑀ͱz 2 + R 2 cos 2 ͑ /2͒ with the relative coordinate ͑z , ͒ and tube diameter 2R. Even-and odd-parity trial wave functions, 1 ͑z ; a͒ = exp͑−a͉z͉͒ and 2 ͑z ; a͒ = z exp͑−a͉z͉͒ respectively, are chosen on the basis of the ab initio excitonic wave functions. The dielectric constant ⑀ is adjusted such that E 11 2g − E 11 1u matches the experimental value. For example, for the ͑6,4͒ tube we obtain a binding energy E b = 0.42 eV with ⑀ Ϸ 10.5 ͑Table I͒.
From the variational model and previous theoretical work, [10] [11] [12] we expect an increase of the exciton binding energy with decreasing tube diameter. The energy should also depend on the family index ͑Ref. 32͒ = ͑n 1 − n 2 ͒mod 3 = ± 1, with larger binding energies E 11 b for = −1 tubes than for = + 1 tubes with a similar diameter. 10, 11 Our experimental results show an overall decrease for larger tube diameters ͑Table I͒. All tubes in our experiment have = −1, except for the ͑6,5͒ tube. It has the same diameter as the ͑9,1͒ tube, but a lower binding energy. Our data support the predicted trends;
8-12 a final conclusion may be drawn once a larger 38  FIG. 3 . Ab initio calculated ͑top͒ one-photon and ͑TPA, bottom͒ two-photon absorption for the ͑6,4͒ tube with a Lorentzian broadening of 0.1 eV. Black ͑gray͒ lines are with ͑without͒ electron-hole ͑e-h͒ interactions. Bottom: probability amplitude of two-photon scattering to the exciton states 1g, 1u, 2u, and 2g ͑black circles͒; probability amplitude of scattering to the final state without e-h interaction ͑gray diamond͒. Higher-energy states with negligible amplitude are omitted for clarity. FIG. 4 . ͑Color online͒ Lowest-energy excitonic wave functions for the ͑6,4͒ tube from ab initio calculations. The top two panels correspond to the 1g, 1u and 2g, 2u states, respectively, and show the probability of finding the electron on the tube surface when the hole is fixed at the center of the panel ͑z =0͒. The vertical direction corresponds to the circumference ͑2.1 nm͒ and the horizontal direction to the tube axis ͑15.9 nm͒. The bottom four panels are blowups of the same states. They display the wave-function amplitude of the electron when the hole is placed in the center of the bond at z =0 and show the parity under rotation by about the U axis. The color ͑gray͒ scale is in arbitrary units.
number of species has been studied.
In conclusion, we observed a series of exciton states with different wave-function symmetry in carbon nanotubes by one-and two-photon luminescence. By ab initio calculations of one-and two-photon spectra we showed that the experiments can only be interpreted in terms of excitonic effects. Based on these results we introduced a simplified cylindrical model for the excitonic states to derive exciton binding energies from two-photon experiments. We determined binding energies between 300 and 400 meV for several nanotube species. Our results demonstrate that excitonic properties dominate optical absorption and emission in carbon nanotubes even at room temperature. 
